The dendrites of spinal motoneurones are highly active, generating a strong persistent inward current (PIC) that has an enormous impact on processing of synaptic input. The PIC is subject to regulation by descending neuromodulatory systems releasing the monoamines serotonin and noradrenaline. At high monoaminergic drive levels, the PIC dominates synaptic integration, generating an intrinsic dendritic current that is as much as 5-fold larger than the current entering via synapses. Without the PIC, motoneurone excitability is very low. Presumably, this descending control of the synaptic integration via the PIC is used to adjust the excitability (gain) of motoneurones for different motor tasks. A problem with this gain control is that monoaminergic input to the cord is very diffuse, affecting many motor pools simultaneously, probably including both agonists and antagonists. The PIC is, however, exquisitely sensitive to the reciprocal inhibition mediated by length sensitive muscle spindle Ia afferents and Ia interneurones. Reciprocal inhibition is tightly focused, shared only between strict mechanical antagonists, and thus can act to 'sculpt' specific movement patterns out of a background of diffuse neuromodulation. Thus it is likely that motoneurone gain is set by the interaction between diffuse descending neuromodulation and specific and focused local synaptic inhibitory circuits.
different motor tasks. Secondly, the motoneurone is unique in being the only CNS neurone whose firing pattern can be readily measured in human subjects, because it normally drives the muscle fibres that it innervates in a one-to-one fashion (Binder et al. 1996) . The motoneurone thus provides a unique window on neuroneal function and, in particular, on how neuromodulatory input influences synaptic integration in dendrites. Recent studies have begun to extend our understanding of this issue into abnormal function in neurotrauma and neurodegeneration.
In this review, we focus on persistent inward currents (PICs) in motoneurones. Dendritic PICs have an enormous impact on synaptic integration in motoneurones and it is largely via the PIC that descending neuromodulatory systems control this integration. It should, however, be kept in mind that the monoamines influence several other important motoneurone properties (Rekling et al. 2000; Powers & Binder, 2001) , hyperpolarizing spike voltage threshold (Krawitz et al. 2001; Fedirchuk & Dai, 2004) , decreasing the spike afterhyperpolarization amplitude (Berger et al. 1992; Manuel J Physiol 586.5 et al. 2006) and generating subthreshold depolarization (Wang & Dun, 1990) . Together with the actions on the PIC, these monoaminergic effects induce a very potent increase in the excitability of motoneurones.
The ionic mechanisms of the PIC have been reviewed elsewhere (Powers & Binder, 2001; Alaburda et al. 2002; Hultborn, 2002; Heckman et al. 2003) , but an important point for synaptic integration is that, in mammals, both a slow activating L-type Ca 2+ current and a fast activating persistent Na + current contribute approximately equally to the PIC. Several lines of evidence support a dendritic location for much of the PIC (Hounsgaard & Kiehn, 1993; Lee & Heckman, 1996; Bennett et al. 1998; Carlin et al. 2000; Heckman et al. 2000) . Although a recent study has called into question some of these methods for identifying dendritic origin (Moritz et al. 2007) , there is little doubt the PIC is largely dendritic. Studies based on channel immunohistochemistry and computer simulations further support this conclusion (Simon et al. 2003; Ballou et al. 2006; Zhang et al. 2006) as do modelling studies (Bui et al. 2006; Elbasiouny et al. 2006; Grande et al. 2007 ). At present the evidence for a dendritic origin of the NaPIC rests on voltage clamp methods (Jones & Lee, 2006) , but hopefully immunohistochemical analyses will soon become available. Estimates by indirect methods based on voltage clamp of synaptic input suggest at least 70% of the total PIC is dendritic .
Figure 1. Basic effects of the dendritic PIC on effective synaptic currents in spinal motoneurones
A, during voltage clamp, a brief (1.5 s) period of excitatory, synaptic input was delivered to the cell via activation of muscle spindle Ia afferents. When the cell was held hyperpolarized, this produced an effective synaptic current with a sharp onset and offset matching input duration. At a depolarized holding potential at approximately spike voltage threshold in unclamped conditions, a repetition of the very same input had a much different result. Current during the input was much larger (amplification) and a prolonged tail current was generated, both due to activation of the dendritic (PIC). As this input does not act via either NMDA receptors or metabotropic glutamate receptors, the amplification can be attributed to the PIC . Inward (depolarizing) currents are downward, the usual voltage clamp convention. B, the interaction between amplification of effective synaptic current and level of descending neuromodulatory input (labelled as weak, medium and strong). In the weak state, there is no significant PIC and synaptic current steadily decreases as holding potential is slowly depolarized. At medium and high levels, activation of the PIC causes a large increase in current, at a voltage level where spikes would be generated in unclamped conditions. As the cell is depolarized further, current sharply declines. This saturation is likely to be due both to loss of driving force in depolarized dendritic regions and to activation of dendritic voltage-sensitive outward currents. Inward (depolarizing) currents are downward. Based on data from .
The basic features of integration of excitatory synaptic input and its neuromodulatory control are illustrated in Fig. 1 . The PIC, which is activated near threshold for spiking, has two primary effects: amplification and prolongation of synaptic input (Lee & Heckman, 1996; . Initial studies focused on the prolongation, i.e. the long tail current persisting after the input ceases (Fig. 1A ). This prolonged current is responsible for the so-called 'bistable' behaviour, in which self-sustained firing of the cells can be initiated by a relatively brief pulse of excitatory input and then turned off by a pulse of inhibition (Schwindt & Crill, 1980 , 1981 Hounsgaard et al. 1988) . This PIC behaviour is largely confined to low input conductance motoneurones, which are likely to be part of type S motor units (Lee & Heckman, 1998a,b) . As these are the motor units involved in posture, it is very likely that self-sustained firing due to PICs provides the baseline tone for this fundamental behaviour (Hounsgaard et al. 1988; Lee & Heckman, 1998b) . In recent years, the focus has shifted to amplification of synaptic input by the PIC while the input is on (Fig. 1A , depolarized state) (Lee & Heckman, 1996; Bennett et al. 1998; Delgado-Lezama et al. 1999; Prather et al. 2001; Hultborn et al. 2003; Lee et al. 2003) .
The higher the monoaminergic input to motoneurones, the stronger this amplification (Fig. 1B) . In our studies we have observed amplification factors as large as 10-fold in some cells; in the standard decerebrate preparation, amplification factors are typically about 3-fold. The discovery of synaptic amplification fundamentally changed our view of motoneurone synaptic integration (Binder, 2002; Heckman et al. 2003; Hultborn et al. 2003) : most of the current needed to drive motoneurone firing is now understood to come from the motoneurone dendritic tree and thus the synapses on the dendrites act primarily to control PIC activation. In short, motoneurone dendrites are highly active processors of their synaptic inputs. The PIC has been shown to amplify several different sources of sensory input: muscle spindle Ia excitation and inhibition , cutaneous excitation (Prather et al. 2002) and recurrent inhibition via Renshaw cells (Hultborn et al. 2003) . Descending inputs are also likely to interact with the PIC but studies of this issue are needed.
The control of active dendritic processing via descending monoaminergic inputs is likely to be fundamentally important in normal motor behaviour. The key issue is that the brainstem nuclei that are the origin of the 5HT and NA inputs to the cord are highly state dependent. In fact, the requirement for a reasonable degree of excitability in the brainstem is the reason PICs were overlooked in motoneurones in the classic studies, which relied on deep anaesthesia. The unanaesthetized decerebrate preparation was thus essential to discovery of the interaction between PICs and monoamines (Hounsgaard et al. 1988) . The 5HT system projecting to the cord varies its activity in proportion to intensity of motor outflow -for example, the faster the speed of locomotion the higher the firing rate of neurones in the caudal raphe nuclei that are the primary source of spinal 5HT projections (Jacobs et al. 2002) . The NA system appears to primarily vary its activity with state of arousal (Aston- Jones et al. 2001) . Both systems are inactive in the sleeping state. Potentially, the state-dependent Figure 2 . Computer simulations of the effect of increasing descending monoaminergic drive to motoneurones on the net input-output gain of a motor pool and the muscle that is innervates The transformation is from average synaptic current to the whole motor pool (x-axis) to total force generated by the entire muscle (y-axis). The simulations are based on the extensive data for the cat medial gastrocnemius motor pool and muscle. The right vertical dashed line indicates the input level produced by activation of many sensory and descending systems. The associated horizontal dashed line indicates that this 'maximal' activation generates less than 40% of maximum force. The lower horizontal dashed line and its associated vertical line indicate the maximum input output levels for postural activity in this motor pool and muscle. Simulations based on studies by Heckman & Binder (1991) .
nature of monoaminergic input would allow the mode of synaptic integration in motoneurones to be adjusted for different motor tasks. Because raphe output increases with increasing speed of locomotion, one possibility is that motoneurone excitability grows in proportion to the level of force. Much further work, however, needs to be done to define the relation between motoneurone excitability and motor tasks.
One point, however, requires emphasis: the effect of monoamines on motoneurone excitability is so strong that even motor behaviours requiring small to moderate forces would be virtually impossible without substantial monoaminergic drive. This point is illustrated in the computer simulations shown in Fig. 2 (which are based on the cat medial gastrocnemius pool and muscle; Heckman & Binder, 1991) . Systematic studies by Powers, Binder and colleagues (reviewed by Powers & Binder, 2001) show that maximal and simultaneous activation of several different descending and sensory systems only generates a total of about 25-30 nA of current in motoneurones (cf. Cushing et al. 2005) . Figure 2 shows that in the absence of monoaminergic input, this 'maximal effort' would scarcely produce 40% of maximal force. Even generating the force required for posture in this particular muscle (i.e. ∼5-10% of maximum; Walmsley et al. 1978) would require effective synaptic currents reaching 15 nA. This level is much more than the ∼5 nA generated by combined maximal stimulation of the vestibulospinal tract and muscle spindle Ia afferents. A moderate level of monoaminergic input, perhaps consistent with the tonic level occurring in the waking state, allows the force required for posture to be generated by only a few nanoamps, a reasonable amount for vestibulospinal and Ia inputs. Further increases in monoaminergic input would allow maximum force to be attained at the 20-30 nA maximum input level that descending motor systems are capable of producing.
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Figure 3. Effect of changes in ankle joint position on the PIC in an ankle extensor motoneurone
The PIC is manifest as a strong upward deflection in current during voltage clamp of a cat medial gastrocnemius (MG) motoneurone (in normal voltage clamp converntion, inward current is negative, but the sign of the current here has been reversed to match Figs 2 and 4) . For both blue traces, the ankle joint angle was such that the antagonists to MG were short; for both the red traces, the antagonist was stretched inducing reciprocal Ia inhibition and greatly reducing the amplitude of the PIC. The thick traces indicate the first pair of trials, the thin traces a repeat to show that the PIC could be turned on and off consistently. Data from Hyngstrom et al. (2007) .
The profound effect of descending monoaminergic inputs on motoneurone excitability has important implications for injury and disease. Loss of monoaminergic input in spinal injury almost eliminates PICs in motoneurones, yet within 2-3 months the PICs have recovered to normal or greater levels despite the continued absence of monoamines Li et al. 2004; Harvey et al. 2006) . PICs may also be very important in neurodegenerative diseases. The NaPIC is up-regulated in The left panel shows the effective synaptic current generated in a cat ankle extensor motoneurone (medial gastrocnemius) during voltage clamp by a slow stretch of the Achilles tendon. The middle panel shows the firing response of the same cell to the same stretch during unclamped conditions. The right panel shows the firing pattern of a human motor unit during a linearly rising volitional command that produced a linearly rising force (biceps muscle; data courtesy of Carol Mottram, at the Rehabilitation Institute of Chicago). Note in all three examples, there is an initial steep increase (surge) followed by a saturation that, during firing, produced rate limitation. motoneurones cultured from embryonic mutant SOD1 mice (Kuo et al. 2005) , which is the standard transgenic model of amyotrophic lateral sclerosis (ALS) (Siddique & Deng, 1996) . Further changes in motoneurone properties also occur in neonatal SOD1 animals (Bories et al. 2007) , perhaps due to increases in cell size to compensate for increased NaPICs. Thus, it appears reasonable to conclude that the PIC is so important to motoneurone excitability that homeostatic mechanisms exist to maintain its amplitude. This suggests homeostatic regulation of PICs may also occur in normal function. Motoneurone electrical properties do adapt significantly during exercise . The profound changes in the PIC during spinal injury suggest that it may also adapt to exercise. The recent development of a rat preparation likely to have significant PICS in motoneurones will allow evaluation of this hypothesis (Button et al. 2006) .
Recently, we have realized that, despite the above advantages, the PIC and its descending monoaminergic control system have significant potential problems for motor control. One key problem is that the descending projections are highly diffuse -the monoaminergic system is not organized in the specific fashion that characterizes, e.g. the corticospinal system (Björklund & Skagerberg, 1982) . This same problem has been emphasized for descending neuromodulation of pain circuits in the dorsal horn of the spinal cord (Mason, 2005) . Moreover, the concept of diffuse control of spinal neurone excitability has been previously been suggested for the γ -motoneurone system with the concept of 'fusimotor set' (Prochazka, 1989) . Thus increasing the excitability of one motor pool via monoaminergic input necessarily results in increased excitability within many motor pools, potentially including agonists and antagonists acting at multiple joints. The solution to this problem may well lie within local inhibitory circuits within the cord. The dendritic PIC is highly sensitive to inhibition (Hultborn et al. 2003; Kuo et al. 2003) , especially Ia reciprocal inhibition evoked by length changes in antagonist muscles. Rotations of the ankle joint that produce almost undetectable changes in reciprocal inhibition measured at the soma of the cell nonetheless reduce the amplitude of the PIC by about 50% (Hyngstrom et al. 2007) (Fig. 3) . Like Ia monosynaptic excitation, Ia reciprocal inhibition is sharply focused, being restricted to strict antagonist pairs (Nichols & Cope, 2001) . For example, the PICs in medial gastrocnemius (MG) motoneurones (which extend the ankle) are highly sensitive to joint movement that changes the length of MG's primary antagonists (the pretibial flexors tibialis anterior (TA) and extensor digitorum longus (TA/EDL)), but insensitive to movements at the knee or hip joints. Elimination of length changes in TA and EDL eliminate PIC modulation in MG, despite significant changes in length of MG synergists and other muscles in the pretibial compartment (Hyngstrom et al. 2007) . Thus, reciprocal inhibition provides the capacity for sculpting of specific movement patterns from the diffuse background of neuromodulation generated by descending monoaminergic tracts.
A second problem with dendritic PICs is that, once activated, they tend to greatly reduce the sensitivity to further synaptic input (this saturation is clear in Fig. 1B in the sharp decline in synaptic current at higher voltage levels -note the larger the amplification, the greater the saturation) Lee et al. 2003) . This saturation is very likely to be due to the dendritic component of the PIC. Figure 4 shows that, during a linearly increasing synaptic input in a cat motoneurone, there is an initial rapid increase in the PIC activation followed by this dendritic PIC saturation. These same phenomena, initial surge and saturation, are also seen in the firing rate modulation in the same motoneurone. Moreover, an initial surge and subsequent saturation are a common feature in human motor unit firing patterns (Binder et al. 1996; Hornby et al. 2002 ) (see the left most panel of Fig. 4 for an example) . This saturation phenomenon has been referred to as the 'preferred firing range' (Hornby et al. 2002) or 'rate limiting' (Heckman & Binder, 1993) . Thus, dendritic PIC properties may play a major role in shaping the trajectory of firing in human motoneurones. Inhibition has the potential to relieve saturation by reducing PIC activation in dendritic regions. Perhaps reciprocal, or push-pull, activation of the PIC is the ideal way to control it -further study of this issue is needed.
The importance of inhibition in dendritic PIC control suggests the following speculation: descending motor commands that produce specific movement patterns may be coupled to both brainstem monoaminergic nuclei and to reciprocal inhibitory interneurones in the spinal cord. In this way, the diffuse neuromodulation could provide the appropriate overall level of motor pool excitability for a class of motor tasks (e.g. posture, or reaching to a target) and specific spinal inhibitory pathways can be used to focus this excitability to only those motor pools required to actually implement the specific task chosen from this class.
